The relative stability of diferent high-pressure phases of various cesium halides is studied from first principles and analyzed using the Landau theory of phase transitions. We present results for CsI, CsBr, and CsCl up to pressures of 100 GPa. A cubic-to-orthorhombic transition, driven by the softening of an acoustic phonon at the M point of the Brillouin zone, is competing with the cubic-to-tetragonal martensitic transition typical of these compounds. The phonon softening takes place only in Csi and CsBr at a residual volume of V/Vp --0.64, 0.52, respectively. A cubicto-tetragonal instability is found instead to occur at V/Vp = 0.54 for all the compounds considered here. The orthorhombic phase is stable only in CsI, whereas it is taken over by the tetragonal one in the case of CsBr. Our analysis reveals the essential role played by the phonon-strain coupling in stabilizing the orthorhombic phase and in making the corresponding transition first order.
I. INTRODUCTION
Since the pioneering work of Madelung and Ewald, a huge amount of experimental and theoretical work has been devoted to alkali halides which are the simplest and most representative ionic solids. The interest in the high-pressure properties of these materials has been recently renewed by the introduction of the diamond anvil cell technology which has opened the way to exploring previously unaccessible portions of their phase diagram. CsI is the softest among alkali halides and it has the smallest optical gap. For these reasons it is an ideal candidate to display a pressure-induced bandoverlap metallization which is actually found at a pressure P = 110GPa. Looking for this eKect, new and unexpected crystal phases have been found to be stable in the pressure range of a few tens GPa.
The first systematic studies of the high-pressure phases of cesium halides date back to 1984. From energydispersive x-ray di8'raction experiments Huang et al.
and Knittle et al. were able to observe that CsI and CsBr (whose low-pressure stable phase is the cubic B2), undergo a transition which lowers their cubic symmetry when an applied pressure reduces their residual volume to v = V/Vp 0.54 Vp being the equilibrium volume. The observed transition pressures are of 39 and 53 GPa for CsI and. CsBr, respectively. A similar instability has been also reported in CsC1, at about 65 GPa. This symmetry lowering manifests itself through the splitting of the (110) x-ray diffraction line into two peaks which are interpreted as corresponding to the (101) and (110) inequivalent reciprocal-lattice vectors of a tetragonal structure. These authors did not observe any detectable discontinuity in any physical observable, and they conjectured therefore that the phase transition was of second order. However, general group-theoretical considerations indicate that a transition from a cubic to a tetragonal phase in which the only order parameter is the unit-cell shape, i.e. , strain, cannot be of second order. We conclude therefore that a weak first-order character of the transition must have escaped the analysis of the experimental data. Claims that this tetragonal phase would undergo a further transition to an orthorhombic structure (space group D2i&) were not confirmed by subsequent experimental and theoretical work.
The first-order character of the cubic-to-tetragonal transition in cesium halides was confirmed by the very erst theoretical investigations performed by Vohra et aL within a Born-Meyer semiempirical approach. According to these authors, the instability of the CsC1 crystal structure is related to the softening of the shear constant, c, = 2 (cii -ci2), due to the competition between the long-range Coulomb attraction and the short-range repulsive energy which becomes more and more important as the pressure increases. They also found that the tetragonal structure is stable against further orthorhombic distortions of symmetry corresponding to the space group D2ih, i.e. , for any given value of a and c/a, the minimum of the lattice energy was always found at b/a = 1 in the whole pressure range explored. Some investigations on CsI have also been carried out &om first principles. 
B. First-principles techniques
In this paper we will ignore any entropy effects and restrict ourselves to zero temperature.
In this condition, the implementation of the above phenomenological scheme requires the knowledge of the system energy as a function of the atomic displacements (phonon amplitudes) and unit-cell distortions (strain). Densityfunctional theory (DFT) is a very reliable and computationally viable tool for the study of the energetics of simple materials. We refer the reader to the many available review papers on this subject and we summarize here the main points. The local-density approximation (LDA) to DFT provides a practical, though approximate, way to map the ground-state properties of a system of interacting electrons onto those of a system of noninteracting electrons, subject to an effective external Geld which depends self-consistently on the ground-state electronic density. DFT-LDA allows one to calculate in a rather accurate and efBcient way the energies of materials within the Born-Oppenheimer approximation, along with their Grst derivatives with respect to external parameters, such as, e.g. , nuclear coordinates (i.e., atomic forces) (Ref. 15 ) and unit-cell shape and volume (i.e., stress).~By linearizing the DFT-LDA equations with respect to the strength of an external perturbation, the second derivatives of the energy can be conveniently obtained by solving a suitable set of linear equations. This is the essence of the density-functional perturbation theory (DFPT) approach to lattice dynamics, which we will employ to determine the phonon spectra of the system considered, as functions of the crystal volume, i.e. , of the applied pressure.
Our calculations are performed in the &amework of the plane-wave pseudopotential method. Fig. 4 Fig. 3 we display our results for CsI.
The M5 acoustic phonon softens at v* = 0.638, corresponding to a pressure P* -23 GPa, as a consequence of the incipient softening of the sound velocity of one of the transverse branches. The same behavior is observed As a 6rst step we have reinvestigated the cubic-totetragonal transition described in the Introduction. In Fig. 5 The above considerations hold in the hypothesis that the strain state of the crystal is constant across the transition, except for the isotropic compression due to the application of a hydrostatic pressure. We have seen, however, that the softening of the Ms phonon mode is closely related to the softening of the shear constant of the crystal, so that a strong coupling between the soft mode and macroscopic strain (i.e., between zone-center and zoneborder acoustic phonons) is to be expected. I et us consider now the expression of the Landau crystal energy up to fourth order in the phonon amplitude, including the coupling with the anisotropic components of the strain tensor, e: X(u, 6) = X(u, e = 0) + Q(ll, e), where Q(u, e) is a polynomial in u and in the components of the strain tensor. Up to fourth order in u Q (u, e) contains only e and u e terms. In fact all odd terms in u must vanish by symmetry, and e is second order in u. To see this, we consider that, for a given value of u, the actual value of~is that which minimizes the crystal energy given by Eq. (3). To leading order in u one has Q(u~e) = Ge + &u e)
where cij are the elastic constants, e; components of the strain tensor, and the Q4 are the polynomials listed in Table VIII . tions of the applied pressure in CsI and CsBr. P,t , and Pt,ã re the transition pressures from the cubic to the tetragonal and to the orthorhombic phases, respectively.
In this paper we have shown that a combined use of the Landau theory of phase transitions and accurate 6rst-principles calculations based on DFT-LDA provide a reliable scheme for predicting the structural properties of ionic systems at high pressures. In the specific case of cesium halides, we have observed a trend in the highpressure phases which can be related with the polarizability of the anion. Our results indicate that the more polarizable is the anion the larger is the tendency towards a tetragonal instability of the cubic B2 structure (passing from CsC1 to CsBr) and, for even larger polarizability towards an orthorhombic structure (from CsBr to CsI). Some investigations which we have performed also for other alkali halides indicate that when the cation is lighter (and hence less polarizable) than Cs, the stable high-pressure phase seems always to be the cubic B2 one.
onal phase seems not to be stable at higher pressures. Our results are in agreement with this measurement. In CsCl, a weak tetragonal instability has been observed experimentally at 65 + 5 GPa, but an extensive study at higher pressure is still lacking.
